Abstract: Aerosol particles can strongly affect both air quality and the radiation budget of the atmosphere. Above Beijing, the capital city of China, large amounts of aerosols within the atmospheric column have caused the deterioration of local air quality and have influenced radiative forcings at both the top and the bottom of the atmosphere (BOA and TOA). Observations of aerosol radiative forcing and its efficiency have been made using two sun-photometers in urban Beijing between 2013 and 2015, and have been analyzed alongside two air quality monitoring stations' data by dividing air quality conditions into unpolluted, moderately polluted, and heavily polluted days. Daily average PM 2.5 concentrations varied greatly in urban Beijing (5.5-485.0 µg/m 3 ) and more than one-third of the analyzed period is classified as being polluted according to the national ambient air quality standards of China. The heavily polluted days had the largest bottom of atmosphere (BOA) and top of atmosphere (TOA) radiative forcings, but the smallest radiative forcing efficiencies, while the unpolluted days showed the opposite characteristics. On heavily polluted days, the averaged BOA aerosol radiative forcing occasionally exceeded´150 W/m 2 , which represents a value about three-times greater than that for unpolluted days. BOA aerosol radiative forcing was around two-to-three times as large as TOA aerosol radiative forcing under various air quality conditions, although both were mostly negative, suggesting that aerosols had different magnitudes of cooling effects at both the surface and the top of the atmosphere. Unpolluted days had the largest average values of aerosol radiative forcing efficiencies at BOA (and TOA) levels, which exceeded 190 W/m 2 (´70 W/m 2 ), compared with the lowest average values in heavily polluted days of around´120 W/m 2 (´55 W/m 2 ). These results suggest that the high concentrations of particulate matter pollution in the urban Beijing area had a strong cooling effect at both BOA and TOA levels.
Introduction
Aerosols can strongly influence the earth's energy budget by scattering and absorbing solar radiation [1, 2] . Aerosol particles within an atmospheric column may alter the radiative balance at its Remote Sens. 2016, 8, 510 3 of 14 with a high degree of accuracy (0.01-0.02) [27] . Other variables such as single scattering albedo, size distribution, and complex refractive index, were retrieved by fitting sky radiance in almucantar plane in four bands (440 nm, 670 nm, 870 nm, and 1020 nm). Compared with directly retrieved AOD, the inversion products of AERONET have relatively low accuracies. For example, the uncertainty of single scattering albedo ranged between 0.03 and 0.07. For size distribution, the retrieval accuracy depends on the size of aerosol particles, ranging from 10% to 35% when aerosol particles varied from 0.1 µm to 7 µm. For aerosol particle size outside of this range, the retrieval error may increase to 35%-100% [28] . The radiative forcing and efficiency, therefore, are calculated using the DIScrete Ordinates Radiative Transfer (DISORT) model by using the retrieved AOD, size distribution, complex refractive index, particle shape, surface albedo, and other parameters. The retrieved radiative forcing at the surface and the top of the atmosphere are expected to have an accuracy of less than 10% or better [8] .
Although ground-based sun-photometers only provide a spatially restricted range of data in comparison with satellite observations, thus inhibiting global-scale investigations, AERONET observations from stations with long-term and high temporal-resolution retrieval are a key tool with which to investigate aerosol properties and their radiative forcing effects at a local scale. There are five stations that have been deployed in the region in or around Beiing: the Beijing site, the Beijing CAMS site, the PKU_PEK site, the Xianghe site, and the Yufa_PEK site. In order to cover the period 2013-2015 and have an air quality station close enough, two sites with sufficient retrievals were selected: Beijing site and Beijing-CAMS site. Although Level 2.0 data has the highest quality, the strict quality checks have screened large amounts of data to ensure the quality. In order to cover the whole research period, Level-1.5 (cloud-screened) data were utilized in our study.
Air Quality Monitoring Data
Alongside AERONET observations, hourly air-quality monitoring data were also collected in this study in order to distinguish unpolluted days (daily average PM 2.5 concentrations less than 75 µg/m 3 ) from moderately polluted days (daily average PM 2.5 concentrations in the range 75-150 µg/m 3 ) and heavily polluted days (daily average PM 2.5 concentrations greater than 150 µg/m 3 ). Since 2013, the Ministry of Environmental Protection of China has made real-time monitoring data for six pollutants (PM 2.5 , PM 10 , O 3 , SO 2 , NO 2 , and CO) available to the public through a national web-platform [23] . This database contains information from 12 state-controlled real-time monitoring stations in Beijing and more than 1400 monitoring stations situated elsewhere in China. PM 2.5 concentrations are measured by either micro oscillating balance method (TEOM 1405F from Rupprecht & Patashnick Co., Inc., Albany, NY, USA) or the β absorption method (BAM 1020 from Met One Instrument Inc., Grants Pass, OR, USA or Tianhong Co., Wuhan, China, or Xianhe Co., Shijiazhuang, China) [29] . Through linear regression with data obtained by the reference method [30] , the slope between measured data and validated data is (1˘0.1) and intercept is (0˘0.5 µg/m 3 ). The correlation between measured data and validated data must be larger than 0.93 [31] . The municipal government has publicized real-time monitoring data for all six pollutants in Beijing collected every hour at the aforementioned 12 state-controlled stations and another 23 municipal stations, with the latter data released via a municipal website [13] . These 35 stations can be divided into four groups according to their geographical locations: urban stations, suburban stations, background stations, and traffic stations. These 35 stations are unevenly and sparsely distributed across the city (Figure 1 ).
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Data Selection and Analytical Methods
Air quality monitoring data and AERONET observations represent two ways to describe the aerosol properties of the atmospheric environment. PM 2.5 concentrations monitored by air quality stations were used to distinguish between unpolluted days, moderately polluted days, and heavily polluted days. As reported in previous studies, the 35 stations in Beijing are unevenly distributed across the city, and record different pollution patterns [14] ; therefore, it is inadvisable to simply average the pollutants' concentrations recorded by all 35 stations, as distinct differences occur between northern and southern stations (the latter commonly have much higher pollutant concentrations than the former) [32] . Consequently, the air quality station closest to each AERONET station was selected as a reference with which to determine the air quality situation of data recorded by the AERONET stations. Data from both the Olympic Sports Center air quality station and the West Park Officials air quality station were correlated with AERONET data. A web-based downloading program was utilized to obtain real-time air quality monitoring data in Beijing from January 2013 to December 2015, which provided sufficient resolution to calculate the air quality in the proximity of each AERONET station. Daily radiative forcings calculated by AERONET under different scenarios (no pollution, moderate pollution, and heavy pollution) were calculated and compared with one another in order to investigate the role that heavy particulate matter plays in radiative forcing above Beijing. Figure 2 shows daily average PM 2.5 concentrations collected in this study, where it can be seen that large variations occur on different timescales. Data from the West Park Officials station were collected from 18 January 2013, and those from the Olympic Sports Center station were collected from 23 March 2013. Both stations show similar day-to-day variations, with the largest recorded daily average concentrations being 485 µg/m 3 for the former and 475 µg/m 3 for the latter, which is twice as high as the measured results (218.6 µg/m 3 ) reported previously [33] . Both stations also show similar trends in month-long variations, as they are all urban monitoring stations situated only 7 km apart. Monthly averages (Figure 3) show that the spring and summer seasons tended to have lower PM 2.5 concentrations than autumn and winter. Peak concentrations usually occurred during the winter seasons, except for in 2014, when the peak monthly average concentrations occurred in mid-autumn. An average of 10.9 polluted days (i.e., PM 2.5 concentrations > 75 µg/m 3 ) were recorded each month at the West Park Officials station and an average of 10.4 polluted days were recorded at the Olympic Sports Center station as shown in Figure 4 . The highest numbers of polluted and heavily polluted days (PM 2.5 concentrations > 150 µg/m 3 ) were recorded in late autumn, winter, and early spring each year, except for in June 2013. Summer and late spring typically had the least number of polluted and heavily polluted days, as suggested by previous seasonal trends research [34] .
Results
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Aerosol Radiative Forcing Measurements by Sun-Photometers
Aerosol radiative forcing (ARF) can be used to investigate the radiative effect of aerosol particles in atmospheric column [35] [36] [37] ; however, in order to directly compare ARF data obtained under different aerosol loading conditions, the ARF efficiency is a more appropriate measurement [1] . Aerosol radiative forcing efficiency was calculated as the radiative forcing per unit of AOD. In the previous research on the radiative forcing of Beijing, the ARF-BOA ranged from −32 to −144 W/m 2 , according to one-month data analysis [1] . While, for other cities in China, the ARF-BOA were different: −136.52 W/m 2 in Shenyang, Northeast China, and −26.28 W/m 2 in Tongyu, Northwest of China [6, 38] . The ARF-BOA in Beijing could be comparable with that in the 
Aerosol radiative forcing (ARF) can be used to investigate the radiative effect of aerosol particles in atmospheric column [35] [36] [37] ; however, in order to directly compare ARF data obtained under different aerosol loading conditions, the ARF efficiency is a more appropriate measurement [1] . Aerosol radiative forcing efficiency was calculated as the radiative forcing per unit of AOD. Figures 5 and 6 illustrate the daily variations of ARF-BOA (aerosol radiative forcing at the bottom of the atmosphere) and ARF-TOA (aerosol radiative forcing at the top of the atmosphere), respectively. During 2013-2015, 578 and 409 effective retrievals were obtained from the Beijing site and Beijing-CAMS site, respectively. The latter number is less than the former, as no data were obtained between July 2013 and mid-May 2014 at the Beijing-CAMS site. For the Beijing-CAMS site, the average BOA radiative forcing waś 73.9 W/m 2 (´5.8 to´239.2 W/m 2 , σ = 53.1 W/m 2 ). Spring and autumn had the most frequent large ARF-BOAs (i.e., an absolute ARF value >150 W/m 2 ), and summer had the least. The average BOA radiative forcing for the Beijing site was´78.8 W/m 2 (´7.1 to´292.8 W/m 2 , σ = 55.3 W/m 2 ), which is comparable to that for the Beijing-CAMS site. For the Beijing site, large ARF-BOAs usually occurred prior to 2015 and frequently exceeded´200 W/m 2 . In the previous research on the radiative forcing of Beijing, the ARF-BOA ranged from´32 to´144 W/m 2 , according to one-month data analysis [1] . While, for other cities in China, the ARF-BOA were different:´136.52 W/m 2 in Shenyang, Northeast China, and´26.28 W/m 2 in Tongyu, Northwest of China [6, 38] . The ARF-BOA in Beijing could be comparable with that in the Middle East and Southwest Asia (annual average of´114 W/m 2 ) [39] , but larger than in that (´56 to´96 W/m 2 ) of Karachi, a megacity in Pakistan [40, 41] . More large ARF-BOAs were measured at the Beijing site than at the Beijing-CAMS site during each summer season before 2015, whereas only a small number were measured at the Beijing site than at the Beijing-CAMS site after 2015. The magnitudes of ARF-TOAs in both sites were smaller than those of ARF-BOAs. The averaged TOA radiative forcing was´33.4 W/m 2 (´3.2 to´137.3 W/m 2 , σ = 26.5 W/m 2 ) for the Beijing-CAMS site and´34.1 W/m 2 (28 to´148.7 W/m 2 , σ = 28.4 W/m 2 ) for the Beijing site. Most of the TOA radiative forcings were negative, suggesting that aerosol particles mainly had a cooling effect on top of the atmosphere.
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-CAMS site, the TOA aerosol radiative forcing efficiencies ranged from −23.6 to −131.8 W/m 2 (σ = 18.4 W/m 2 ). When considering these data on an annual scale, autumn and winter days generally had relatively larger TOA aerosol radiative forcing efficiencies than summer days. 
) were measured at the Beijing-CAMS station than at the Beijing site. Figure 8 shows the TOA aerosol radiative forcing efficiencies recorded for both AERONET stations. The TOA radiative forcing efficiencies at the Beijing site ranged from 56.6 to −120.7 W/m 2 (σ = 19.6 W/m 2 ), and only three daily measurements in the first half of 2013 were positive. For the Beijing-CAMS site, the TOA aerosol radiative forcing efficiencies ranged from −23.6 to −131.8 W/m 2 (σ = 18.4 W/m 2 ). When considering these data on an annual scale, autumn and winter days generally had relatively larger TOA aerosol radiative forcing efficiencies than summer days. 
Discussion
Aerosol Radiative Forcing on Heavily Polluted Days, Moderately Polluted Days, and Unpolluted Days
According to China's national ambient air quality standard release in 2012 (NAAQS-2012) [42, 43] , daily mean PM 2.5 concentrations less than 75 µg/m 3 are classed as qualified (unpolluted); concentrations between 75 µg/m 3 and 150 µg/m 3 are classed as moderatedly polluted, while concentrations greater than 150 µg/m 3 are classed as heavily polluted [13, 32] . In order to guarantee that real-time monitoring data are representative, at least 20 h of observation data are required for calculation of the daily average, considering that some data may be missing on any given day. Calculated daily average PM 2.5 concentrations were then used to determine the corresponding aerosol radiative forcing and efficiency. Despite the potential for the retrieval of radiative forcing data to fail, and that there may have been insufficient PM 2.5 concentration data to calculate a daily average, 409 data pairs were successfully acquired for the Beijing site (AERONET) and Olympic Sports Center station (air quality station), and 318 data pairs were acquired for the Beijing-CAMS site and the West Park Officials station.
The for moderately polluted days, and 225.9 µg/m 3 (152.6-347.9 µg/m 3 , σ = 56.5 µg/m 3 ) for heavily polluted days. Both stations' average PM 2.5 concentrations were slightly above 75 µg/m 3 , suggesting that the air quality in urban Beijing was slightly worse (on average) than the minimum quality that defines an unpolluted day. However, the average PM 2.5 concentration was less than that recorded in 2013 (92.2 µg/m 3 ) [21] , suggesting that the air quality has since improved. ARF-BOAs and ARF-TOAs for the Beijing and Beijing-CAMS sites under heavily polluted days, moderately polluted days, and unpolluted days are shown in Figure 9 . 
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Aerosol Radiative Forcing on Heavily Polluted Days, Moderately Polluted Days, and Unpolluted Days
According to China's national ambient air quality standard release in 2012 (NAAQS-2012) [42, 43] , daily mean PM2.5 concentrations less than 75 µg/m 3 are classed as qualified (unpolluted); concentrations between 75 µg/m 3 and 150 µg/m 3 are classed as moderatedly polluted, while concentrations greater than 150 µg/m 3 are classed as heavily polluted [13, 32] . In order to guarantee that real-time monitoring data are representative, at least 20 h of observation data are required for calculation of the daily average, considering that some data may be missing on any given day. Calculated daily average PM2.5 concentrations were then used to determine the corresponding aerosol radiative forcing and efficiency. Despite the potential for the retrieval of radiative forcing data to fail, and that there may have been insufficient PM2.5 concentration data to calculate a daily average, 409 data pairs were successfully acquired for the Beijing site (AERONET) and Olympic Sports Center station (air quality station), and 318 data pairs were acquired for the Beijing-CAMS site and the West Park Officials station.
The for unpolluted days, 107.9 µg/m 3 (75.1-145.1 µg/m 3 , σ = 17.9 µg/m 3 ) for moderately polluted days, and 225.9 µg/m 3 (152.6-347.9 µg/m 3 , σ = 56.5 µg/m 3 ) for heavily polluted days. Both stations' average PM2.5 concentrations were slightly above 75 µg/m 3 , suggesting that the air quality in urban Beijing was slightly worse (on average) than the minimum quality that defines an unpolluted day. However, the average PM2.5 concentration was less than that recorded in 2013 (92.2 µg/m 3 ) [21] , suggesting that the air quality has since improved. ARF-BOAs and ARF-TOAs for the Beijing and Beijing-CAMS sites under heavily polluted days, moderately polluted days, and unpolluted days are shown in Figure 9 . Both sites have comparable ARFs under different air quality conditions (Figure 9 ), which is likely due to both AERONET sites being located in urban areas of Beijing (7 km apart), and so the aerosol properties measured by each are similar. For both sites, heavily polluted days have the highest absolute ARF-BOAs and ARF-TOAs, whereas unpolluted days have the lowest values. The average Both sites have comparable ARFs under different air quality conditions (Figure 9 ), which is likely due to both AERONET sites being located in urban areas of Beijing (7 km apart), and so the aerosol properties measured by each are similar. For both sites, heavily polluted days have the highest absolute ARF-BOAs and ARF-TOAs, whereas unpolluted days have the lowest values. The average ARFs under different air quality conditions were all negative for both the top and bottom of the atmosphere, suggesting that the aerosols have cooling effects at both the BOA and TOA level in the urban Beijing area. Furthermore, the ARF-BOAs were about two-to-three times larger than the ARF-TOAs at different air quality conditions. The average ARF-BOA recorded on unpolluted days was´47.5 W/m 2 (´8.4 to´211.6 W/m 2 , σ = 30.2 W/m 2 ) for the Beijing site and´45.7 W/m 2 (´5.8 to´223.8 W/m 2 , σ = 34.1 W/m 2 ) for the Beijing-CAMS site. According to previous investigations, ARF-BOAs based on AERONET retrievals in January 2013 ranged from´9 to´63 W/m 2 [1] , although the range of ARF-BOA values presented herein is quite different from these values, partly due to this study's analysis being made from two years' worth of observations rather than from a single month's data. The ARF-TOA recorded on unpolluted days was´19.6 W/m 2 (´0. for the Beijing-CAMS site, respectively. These results are consistent with the that a low AOD could present more impact on radiative forcing efficiencies [1, 44] . The magnitudes of TOA radiative forcing efficiencies were far less than those of BOA radiative forcing efficiencies. Unpolluted days had the largest absolute values of radiative forcing efficiencies (´73.9 W/m 2 for the Beijing site and´77.9 W/m 2 for the Beijing-CAMS site), followed by moderately polluted days (´65.1 W/m 2 for the Beijing site and´64.5 W/m 2 for the Beijing-CAMS site), and heavily polluted days (´54.4 W/m 2 for the Beijing site and´59.4 W/m 2 for the Beijing-CAMS site), while the difference between them is smaller than that of BOA radiative forcing efficiencies. Figure 10 shows the radiative forcing efficiencies for both AERONET stations under unpolluted, moderately polluted, and heavily polluted days, as well as the mean of all measurements. Nonpolluted days had the largest absolute value of BOA radiative forcing efficiency, with values of 
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Conclusions
The capital of China, Beijing, has been detrimentally affected by both natural and anthropogenic aerosol pollution. Thus, it is important to characterize the climate effect of aerosol in Beijing under different aerosol loading conditions. Two kinds of aerosol monitoring systems, AERONET and air quality monitoring stations, have been deployed in Beijing to investigate the atmospheric environment of Beijing. In this study, observations of aerosol radiative forcing and its efficiency have been made at two AERONET sites in urban Beijing, and have been analyzed and classified in this study according to different air quality conditions.
According to the air quality monitoring data, the daily average PM 2.5 concentrations in Beijing varied from 5.5 to 485.0 µg/m 3 , with an annual average of around 78 µg/m 3 . Seasonal variations showed that spring and summer tended to have lower PM 2.5 concentrations than autumn and winter. More than ten polluted days were recorded each month at both air quality stations, suggesting that Beijing was "polluted" for nearly one-third of each year.
ARF-BOAs measured at both AERONET sites during 2013-2015 varied from´5.8 to´292.8 W/m 2 . Corresponding ARF-TOAs were between 28 and´148.7 W/m 2 , most of which were negative. The BOA radiative forcing efficiencies recorded at both AERONET sites ranged from´62.2 W/m 2 to´392.7 W/m 2 . Most large radiative forcing efficiencies (exceeding´250 W/m 2 ) occurred in winter and autumn. The magnitudes of TOA radiative forcing efficiencies were smaller than BOA values, with rare examples exhibiting positive values.
Dividing the air quality situation into unpolluted, moderately polluted, and heavily polluted days allowed the aerosol radiative forcings and efficiencies of each condition to be investigated in detail. Heavily polluted days had the largest ARF-BOAs and ARF-TOAs, with moderately polluted days and unpolluted days having sequentially lower values. The average BOA radiative forcing on heavily polluted days (´163.5 W/m 2 for the Beijing site and´159.4 W/m 2 for the Beijing-CAMS site) was around three-times larger than that recorded on unpolluted days (´47.5 W/m 2 for the Beijing site and 45.7 W/m 2 for the Beijing-CAMS site). Average ARF-BOAs recorded on moderately polluted days (´105.6 W/m 2 for the Beijing site and´106.5 W/m 2 for the Beijing-CAMS site) were approximately twice as large as those recorded on unpolluted days. Similar trends in ARF-TOAs were observed for different air quality situations, except that the ratios of heavily polluted days to unpolluted days, and moderately polluted days to unpolluted days were both~2.5:1. Furthermore, the magnitudes of ARF-BOAs under different air quality situations were about two-to-three times as large as those of ARF-TOAs, suggesting that aerosol particles more efficiently cool the bottom of the atmosphere than the top. Unpolluted days showed the largest absolute values of ARF efficiencies at both BOA and TOA levels, followed by moderately polluted days and heavily polluted days.
The results of this study suggested that the ARF and its efficiency varied greatly under different air quality situations, and the high concentrations of particulate matter (dry aerosol particles) severely affected the BOA and TOA radiation budget over urban Beijing. The presence of particulate matter, especially high concentrations of particulate matter, has severely affected the environment and climate in Beijing. The quantitative analysis presented herein shows that the reduction of particulate matter concentrations will attenuate the cooling radiative forcings of aerosol in Beijing.
